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ABSTRACT

Alien grass invasions in arid and semi-arid ecosys-
tems are resulting in grass—fire cycles and ecosys-
tem-level transformations that severely diminish
ecosystem services. Our capacity to address the
rapid and complex changes occurring in these
ecosystems can be enhanced by developing an
understanding of the environmental factors and
ecosystem attributes that determine resilience of
native ecosystems to stress and disturbance, and
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resistance to invasion. Cold desert shrublands occur
over strong environmental gradients and exhibit
significant differences in resilience and resistance.
They provide an excellent opportunity to increase
our understanding of these concepts. Herein, we
examine a series of linked questions about (a)
ecosystem attributes that determine resilience and
resistance along environmental gradients, (b) ef-
fects of disturbances like livestock grazing and al-
tered fire regimes and of stressors like rapid climate
change, rising CO,, and N deposition on resilience
and resistance, and (c) interacting effects of resil-
ience and resistance on ecosystems with different
environmental conditions. We conclude by pro-
viding strategies for the use of resilience and
resistance concepts in a management context. At
ecological site scales, state and transition models
are used to illustrate how differences in resilience
and resistance influence potential alternative veg-
etation states, transitions among states, and
thresholds. At landscape scales management
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strategies based on resilience and resistance—pro-
tection, prevention, restoration, and monitoring
and adaptive management—are used to determine
priority management areas and appropriate actions.

Key words: environmental gradients; ecosystem
productivity; plant traits; altered fire regimes;
cheatgrass; fundamental and realized niche; man-
agement strategies; state and transition models.

INTRODUCTION

Alien grass invasions are resulting in ecosystem-
level transformations of entire landscapes in arid
and semi-arid ecosystems worldwide (D’Antonio
and Vitousek 1992). Such a transformation is cur-
rently occurring in cold desert shrublands of the
western United States. These ecosystems are char-
acterized by cold-wet winters and hot—dry sum-
mers and are ideally suited to annual grasses
introduced from Eurasia, like cheatgrass (Bromus
tectorum L.) (Knapp 1996). Cheatgrass is a highly
plastic winter annual that is able to germinate in
fall, winter, or spring. Rapid growth and high
reproductive capacity allow it to effectively com-
pete with native species for early growing season
moisture. The fine fuels that it contributes to these
ecosystems promote fire spread, and can result in
grass—fire cycles that provide positive feedbacks for
its continued invasion (Brooks and others 2004).
Conversion of native cold desert shrublands to
annual grass dominance can change soil physical
and chemical properties, decrease soil stability, and
alter ecosystem processes like nutrient cycling and
soil water flux and storage (Wilcox and others
2012). Areas invaded by cheatgrass and other
annuals have increased fire risk and greatly
diminished ecosystem services (Balch and others
2012).

In many cases initial invasion is facilitated by land
uses or management activities that disturb native
vegetation, increase resource availability, and pro-
mote establishment and spread (Chambers and
Wisdom 2009). In the cold desert, historic land uses
primarily include agriculture, mining and grazing
by livestock (cattle, sheep, and horses). However, in
recent decades, rapid population growth has re-
sulted in new disturbances related to urban and
energy development, energy and transportation
corridors, and recreational activities. All these fac-
tors are taking place in the context of climate
change, rising atmospheric CO,, and nitrogen (N)
deposition. Since the late 1800s when intensive
land use began and cheatgrass was introduced, the
cold desert sagebrush ecosystem declined from 25 to
13 million ha (Miller and others 2011), and cheat-
grass came to dominate as much as 4 million ha in
the states of Nevada and Utah alone (Bradley and

others 2009). Many cold desert shrublands are
fragmented and degraded, and many species asso-
ciated with these ecosystems are of conservation
concern, including the greater sage-grouse (Centr-
ocerus urophasianus) whose status warrants listing
under the United States Endangered Species Act
(US Department of Interior 2010).

Our capacity to address the rapid and complex
changes occurring in cold deserts can be enhanced
by developing an understanding of the environ-
mental factors and ecosystem attributes that
determine resilience of native ecosystems to stress
and disturbance, and resistance to invasion (Brooks
and Chambers 2011) (see Table 1 for definitions).
Cold desert shrublands provide an excellent
opportunity to increase our understanding of these
concepts and their use in a management context.
They include strong environmental gradients and
exhibit significant differences in resilience and
resistance (Figure 1; Brooks and Chambers 2011;
Miller and others 2013; Chambers and others
unpublished). Also, the individual stresses and
disturbances affecting these ecosystems are rela-
tively well-studied (for reviews see, Chambers and
Wisdom 2009; Knick and Connelly 2011) as are the
environmental factors and ecosystem attributes
influencing the potential versus actual distribution
(that is, fundamental vs. realized niche) of the
primary invader, cheatgrass (for example, Cham-
bers and others 2007; Monaco and Sheley 2012).
Herein, we examine a series of linked questions to
examine (a) environmental factors and ecosystem
attributes that determine resilience and resistance
to invasion across large landscapes, (b) effects of
stress and disturbance on resilience and resistance,
and (c) interactions between resilience and resis-
tance. We conclude by providing strategies for the
use of resilience and resistance concepts in a
management context. At ecological site scales,
state, and transition models are used to illustrate
how differences in resilience and resistance influ-
ence potential alternative vegetation states, transi-
tions among states, and thresholds. At landscape
scales, management strategies based on resilience
and resistance—protection, prevention, restoration,
and monitoring and adaptive management—are
used to determine priority management areas and
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appropriate actions. Although our focus is on tions and concepts in this paper have applicability
cheatgrass invasion in cold desert shrublands of the to other ecosystems, particularly those experienc-
western United States, we believe that the defini- ing annual grass invasions.

Table 1. Definitions of Terms Used in This Paper

Fundamental niche
The subset of n-dimensional environmental space of all possible conditions in which a species can maintain itself in the
absence of competition, facilitation and other species interactions. The fundamental niche of an invading species
determines the broadest extents of its potential distribution on the landscape (Hutchinson 1958)

Historical range of variability
Range of variability in disturbances, stressors, and ecosystem attributes that allows for maintenance of ecosystem
resilience and resistance and that can be used to provide management targets (modified from Jackson 2006)

Realized niche
A subset of the fundamental niche that is determined largely by species interactions. The realized niche determines the
actual distribution of an invading species on the landscape (Hutchinson 1958)

Resilience
Capacity of an ecosystem to regain its fundamental structure, processes and functioning when altered by stresses like
increased CO,, nitrogen deposition, and drought and to disturbances like land development and fire (Allen and others
2005; Holling 1973)

Resistance
Capacity of an ecosystem to retain its fundamental structure, processes and functioning (or remain largely unchanged)
despite stresses, disturbances or invasive species (Folke and others 2004)

Resistance to Invasion
Abiotic and biotic attributes and ecological processes of an ecosystem that limit the population growth of an invading
species (D’Antonio and Thomsen 2004)

Thresholds
Boundaries in conditions leading to alternative stable states. Thresholds are crossed when an ecosystem does not return
to the original state via self-organizing processes after stress or disturbance and transitions to a new alternative state that
is adjusted to the altered attributes or processes (Beisner and others 2003; Stringham and others 2003)

Figure 1. The dominant
vegetation types that
occur along
environmental gradients

in cold desert shrublands
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How ARE ENVIRONMENTAL FACTORS AND
EcosysTEM ATTRIBUTES RELATED TO
RESILIENCE TO DISTURBANCE AND
RESISTANCE TO INVASION?

The environmental factors and ecosystem attri-
butes that determine resilience of native ecosys-
tems to stress and disturbance, and resistance to
invasion can be illustrated with a simple conceptual
model (Figure 2). The model shows that environ-
mental factors, including climate, topography, and
soils determine the abiotic and biotic attributes of
ecosystems. Disturbance and stress, invasive spe-
cies, and other global change factors act on the
abiotic and biotic attributes of an ecosystem and
influence its relative resilience and resistance over
time. This model is consistent with that suggested
for evaluating ecosystem sustainability (Chapin
and others 1996). It also encompasses both the
environmental factors and ecosystem attributes
used to develop the ecological site descriptions and
state and transition models that are increasingly
used by managers in cold desert shrublands to
evaluate management options (see Stringham and
others 2003; Briske and others 2005; USDA Natural
Resources Conservation Service 2013).

Resilience to Stress and Disturbance

In cold desert shrublands, resilience of native eco-
systems to stress and disturbance changes along

climatic and topographic gradients. Specifically,
higher resilience has been shown to be associated
with greater resource availability and more favor-
able environmental conditions for plant growth
and reproduction (Figure 3A) (Condon and others
2011; Davies and others 2012). In the topographi-
cally diverse cold desert, environmental conditions
range from hot and dry at the lowest elevations
(salt desert shrub) to cold and moist at the highest
elevations (mountain big sagebrush and other
shrubs). Predictable differences exist in total re-
sources, resource availability, and net annual pri-
mary productivity along these gradients (West
1983a, b; Smith and Nowak 1990). Higher precip-
itation and cooler temperatures coupled with
greater soil development and plant productivity at
mid to high elevations can result in greater nutrient
and water availability than at low elevations
(Alexander and others 1993; Dahlgren and others
1997). In contrast, minimal precipitation and high
temperatures at low elevations result in poor soil
development and lower resource availability for
plant growth (West 1983a, b; Smith and Nowak
1990). These relationships also are observed at
plant community scales where aspect, slope, and
topographic position affect solar radiation, erosion
processes, effective precipitation, soil development
and, thus, vegetation composition and structure
(Condon and others 2011; Johnson and Miller
2006). Cold desert ecosystems characterized by
harsh environments and low productivity tend to

Figure 2. Conceptual
model of the
environmental factors
and ecosystem attributes
and processes that
influence resilience and
resistance. Disturbances
and stresses can
negatively affect
ecosystem attributes and
processes and,
consequently, resilience,
and resistance.
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exhibit lower resilience to disturbances of similar
severity than more environmentally moderate
ecosystems.

Specific adaptations to historical disturbances,
coupled with higher productivity, can equate to
greater ecosystem resilience to specific types of
disturbance (Davies and others 2007). In cold des-
ert shrublands, the historical role of fire and thus
species adaptations to fire differ along environ-
mental gradients. Ecosystems with relatively high
productivity had more frequent pre-settlement
fires due to high fuel abundance and continuity
(Miller and others 2011), and typically have more
fire tolerant species (Davies and others 2012). In
contrast, lower elevation ecosystems tended to
have smaller and less frequent fires due to limited
fuel production and continuity (West 1983a).
Many of the species that characterize salt desert
ecosystems evolved in the near-absence of fire and
are fire intolerant (Brooks and Minnich 2006).
Similar relationships exist between fire frequency
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Figure 3. A Resilience to disturbance and stress along an
environmental gradient in cold desert shrublands. Resil-
ience varies as a function of topography. B Resistance to
cheatgrass along an environmental gradient in cold des-
ert shrublands. Resistance decreases as a result of dis-
turbances and increases in resource availability (as
indicated by the downward arrows).

and fire tolerant life forms in semi-arid Mediterra-
nean shrublands of southeast Australia (Pausas and
Bradstock 2007). In both ecosystems, the trend is
for increases in resprouting species and decreases in
obligate seeders along environmental/productivity
gradients (Davies and others 2012; Pausas and
Bradstock 2007).

Resilience can be quantified by the amount of
time it takes to return to the initial condition (sensu
““engineering resilience’’) and/or the magnitude of
change in ecosystem attributes (sensu ‘“‘ecological
resilience”’) following stress or disturbance (Peter-
son and others 1998). The influence of plant traits
and environmental gradients on ecosystem resil-
ience can be illustrated from prescribed fire re-
search in cold desert shrublands exhibiting pifion
and juniper encroachment (Chambers 2005). This
research showed that prior to burning, mean bio-
mass of perennial grasses and forbs increased over
an elevation gradient characterized by Wyoming
big sagebrush (2103 m), mountain big sagebrush
(2225 m), and mountain big sagebrush/shrub
(2347 m) (see Figure 1). Also, higher elevation
sites had a greater proportion of rhizomatous and
root-sprouting species. All sites were burned in
prescribed fires in spring 2002. Three years after
burning, all sites exhibited an increase in biomass
of perennial herbaceous species. However, higher
biomass of perennial grasses and forbs coupled with
more fire tolerant shrubs at higher elevations re-
sulted in a smaller initial change in community
composition and more rapid recovery.

Resistance to Invasion

Resistance toinvasive annual grasses depends on the
environmental factors and ecosystem attributes that
affect their fundamental and realized niches. The
fundamental niche is a function of a species physi-
ological and life history requirements for establish-
ment, growth, and reproduction and, in cold desert
shrublands, is determined primarily by temperature
and precipitation regimes. In these ecosystems, ger-
mination, growth, and/or reproduction of cheatgrass
is limited at low elevations by low and sporadic
precipitation, constrained at high elevations by low
soil temperatures, and optimal at mid elevations
under relatively moderate temperature and water
availability (Figure 3B; Chambers and others 2007;
Meyer and others 2001). Slope, aspect, and soil
characteristics modify soil temperature and water
availability and determine expression of the funda-
mental niche of cheatgrass at landscape to plant
community scales (Chambers and others 2007;
Condon and others 2011; Reisner and others 2013).
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High variability in precipitation and growing
season conditions affect expression of the funda-
mental niche over time. Cheatgrass exhibits strong
inter-annual variability in growth that is closely
related to annual precipitation (West and Yorks
2002; Bradley and Mustard 2005). Years with
favorable environmental conditions can result in
establishment of cheatgrass in marginal environ-
ments like salt deserts, but longer-term persistence
requires either the necessary environmental con-
ditions to maintain viable populations or high
propagule pressure (Meyer and others 2001). Ge-
netic variation in cheatgrass results in phenotypic
traits that increase survival and persistence in
populations from a range of environments that is
likely contributing to the recent range expansion of
this highly inbreeding species into marginal habi-
tats (Merrill and others 2012; Ramakrishnan and
others 2006).

The realized niche of invasive annual grasses is
strongly mediated by resource availability and
interactions with the native plant community
(Figure 3B). In cold desert ecosystems, most plant
growth occurs in spring and early summer when
soil temperatures and water availability are favor-
able (Smith and Nowak 1990; Leffler and Ryel
2012). Rooting depth and access to deeper soil
water increases in order from cheatgrass to peren-
nial grasses to shrubs and trees (Dobrowolski and
others 1990; Ryel and others 2010). However,
cheatgrass as well as native grasses, shrubs, and
trees all have shallow roots and use near-surface
(<0.5 m) soil water during the spring/early sum-
mer growth period. Nutrient concentrations are
highest in these shallow soils during this period and
soil water potentials are sufficient for nutrient dif-
fusion and plant uptake only prior to soil water
depletion later in summer (Ryel and others 2010;
Leffler and Ryel 2012). Differences among life
forms and life stages in the timing and amount of
resource uptake and use of shallow versus deep soil
water affect species interactions and resistance to
invasion (Booth and others 2003; Prevey and oth-
ers 2010).

Cheatgrass, a facultative winter annual, typically
germinates earlier (in the fall and under colder—
winter temperatures), exhibits greater root elon-
gation at low soil temperatures, and has higher
nutrient uptake and growth rates than native spe-
cies (James and others 2011; Knapp 1996). Seed-
lings of native perennial species are generally poor
competitors with cheatgrass, but adults of native,
perennial herbaceous species, especially those with
similar growth forms and phenology, can be highly
effective competitors (Booth and others 2003;

Chambers and others 2007; Blank and Morgan
2012). Disturbances or management treatments
that reduce the abundance of perennial herbaceous
species, shrubs, or trees can increase resource
availability and expand the realized niche of
cheatgrass given climate suitability and a propagule
supply. Also, pronounced fluctuations in resources
may decrease resistance of ecosystems whose spe-
cies lack the capacity to fully utilize resource fluc-
tuations (Rejmanek 1989; Davis and others 2000)
as was observed in salt desert ecosystems during a
series of high precipitation years in the 1980s
(Meyer and others 2001). Longer-term outcomes
typically depend on the relative abundance of na-
tive, perennial herbaceous species (Anderson and
Inouye 2001; Chambers and others 2007).

How po STrRESS AND DISTURBANCE
INFLUENCE RESILIENCE AND RESISTANCE?

Resilience of contemporary ecosystems is related to
the type, characteristics, and historical range of
variability of stress and disturbance (Jackson
2006). Disturbances like overgrazing by livestock,
altered fire regimes, and stressors such as rapid
climate change, rising CO,, and nitrogen deposi-
tion are typically outside of the historical range of
variability and can reduce the resilience of native
ecosystems. Loss of resilience is indicated by
changes in environmental factors like temperature
regimes, abiotic ecosystem attributes like water and
nutrient availability and geomorphic processes,
and biotic attributes such as vegetation structure
and composition, biological productivity, and
population regeneration (Figure 2; Chapin and
others 1996). Resistance to invasive species can
change when changes in abiotic and biotic attri-
butes result in increased resource availability or
altered habitat suitability that influence the fun-
damental or realized niche (Figure 4). Progressive
losses of ecosystem resilience and resistance can
result in abiotic and biotic thresholds beyond
which the system cannot recover to the original
state (Beisner and others 2003; Seastedt and others
2008).

Livestock Grazing and Fire

Fire and inappropriate grazing (timing, duration,
and/or intensity) of livestock and other exotic
herbivores are the most common disturbances
associated with decreased resilience and resistance
in cold desert ecosystems (D’Antonio and Vito-
usek 1992; Knapp 1996). Inappropriate grazing
can decrease the relative abundance of palatable
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grasses and forbs, disrupt biological soil crusts, and
increase soil surface disturbance in communities
dominated by herbaceous species and shrubs/trees
(Belnap 1995; Knapp 1996). These changes can
increase available soil water and nitrate in the
upper profile of cold desert soils (Leffler and Ryel
2012). Reduced competition due to removal of
perennial herbaceous species by grazing coupled
with higher resource availability can result in an
increase in woody species and, thus, woody fuel
loads (Miller and others 2011). With increasing
levels of grazing intensity, bare soil can increase
and cheatgrass can become progressively more
abundant in interspaces among residual perennial
herbaceous species (Reisner and others 2013).
These changes can lower resilience to fire due to
higher or more contiguous fine fuels that result in
greater fire severity and extent and high mortality
of fire-intolerant trees and shrubs. In the absence
of perennial herbaceous species that can respond
positively to fire and facilitate recovery, the den-

Elevation

sity, biomass, and seed production and, thus,
realized niche of cheatgrass can increase in both
salt desert (Beckstead and Augspurger 2004) and
sagebrush ecosystems (Chambers and others
2007). Sagebrush ecosystems exhibit high wvari-
ability in environmental attributes, and those lo-
cated on coarser soils or characterized by higher
heat loads are least resilient to grazing and resis-
tant to cheatgrass (Reisner and others 2013).
Fires that remove woody species and other fire-
intolerant plants can increase resource availability
and the realized niche of cheatgrass, but longer-
term effects depend on the relative abundance of
perennial herbaceous species and their capacity to
compete for available resources. Increases in
nutrient availability after fire occur due to deposi-
tion of ash onto the soil surface, release of N and
phosphorus (P) from organic matter, and decom-
position of belowground biomass (Neary and others
1999). Soil nutrients are inherently low in cold
desert ecosystems, but available N (NO5;~ and
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NH,") can increase up to 12-fold after fire (Blank
and others 1996) and remain elevated in surface
soil layers for several years (Stubbs and Pyke 2005).
Effects of fire on soil water are less predictable.
Following fires that remove vegetation and litter,
soil water near the soil surface is typically lower
early in the growing season due to desiccation
caused by wind and lack of shading (Chambers and
Linnerooth 2001). After plant regrowth begins, soil
water is often higher deeper in the soil profile on
burned versus unburned areas due to removal of
deeper-rooted, fire-intolerant shrubs (Chambers
and Linnerooth 2001; Wilcox and others 2012). In
resilient post-fire communities with abundant fire-
tolerant perennial herbaceous species and/or
shrubs, the increase in resources typically is used by
resprouting herbs and shrubs (Chambers and oth-
ers 2007). However, in post-fire communities with
low abundances of these species, reduced compe-
tition and higher resource availability results in
increased biomass and seed production of cheat-
grass. Cheatgrass biomass and seed production can
increase 2-3-fold after herbaceous species removal,
2-6-fold after fire, but 10-30-fold after removal
plus fire in big sagebrush ecosystems (Chambers
and others 2007).

Climate Change, Rising CO,, and N
Deposition

Climate change has the potential to reduce resil-
ience and resistance of native ecosystems through
a decrease in climate suitability of individual spe-
cies, changes in species interactions, and forma-
tion of novel communities (Williams and Jackson
2007). Down-scaled multi-model projections for
cold desert shrublands show an increase in mean
temperature of 2.5-3°C and a decrease in number
of days when overnight temperatures drop below
freezing by mid-21st century (2046-2065) (Abat-
zoglou and Kolden 2011). Projections for precipi-
tation show considerable spatial heterogeneity,
but strong agreement exists among models for a
latitudinal dipole at about 37°N in which cool-
season (Nov—Mar) precipitation decreases to the
south and increases to the north (Abatzoglou and
Kolden 2011). Increases in temperatures and ele-
vation and latitudinal shifts in frost lines are pre-
dicted to cause species distributions to move
upward in elevation and to more northern lati-
tudes. Higher evapotranspiration rates and an in-
crease in the magnitude and severity of droughts
are predicted to limit species distributions at lower
elevations and in southern portions of the cold
desert due to decreased soil water availability

(Seager and others 2007). Lower elevations may
no longer support persistent populations of
cheatgrass, but higher elevations may become
climatically more suitable and less resistant to
invasion (Figure 3C; Bradley and others 2009).
Also, climate suitability of cheatgrass may increase
with less summer precipitation, but may be re-
duced with more summer precipitation (Bradley
and others 2009).

Rising CO, has the potential to alter resilience
and resistance, but effects are likely to differ among
ecosystem types. Since industrialization, atmo-
spheric CO, has risen from 280 ppm in 1860 to
about 400 ppm in 2013 (US Department of Com-
merce, NOAA 2012). Elevated CO, increases water
use efficiency of plants, and may result in slower
rates of water depletion, improved plant water
relations, and greater biomass production (Polley
and others 2011). Biomass enhancement by ele-
vated CO, generally increases as growing season
precipitation decreases, but is most pronounced in
arid and semiarid ecosystems when other key re-
sources, like water and N, are not limiting (Nowak
and others 2004). These biomass increases are often
greatest in invasive annual grasses like cheatgrass
and red brome (Bromus rubens), but are still signif-
icant in native perennial grasses and shrubs (No-
wak and others 2004) including those in cold
deserts (Smith and others 1987). Considerable dif-
ferences exist among ecosystems in biomass
enhancement due to differences in ecosystem
attributes, plant physiological and morphological
traits, and species interactions. In cold desert
shrublands with relatively high resilience and
resistance, rising CO, may increase the competitive
ability of shrubs and trees if higher water use effi-
ciency causes an increase in deeper soil water due
to slower rates of water depletion (Polley and
others 2011). However, rising CO, also may in-
crease water use efficiency and competitive ability
of perennial grasses. Thus, rising CO, will likely
give annual grasses a competitive advantage in
ecosystems with depleted herbaceous species or
low resistance to invasion, but not in those with
relatively high resilience and resistance (Fig-
ure 3D).

Nitrogen deposition may have a fertilization ef-
fect in N-limited cold deserts, but the magnitude of
the effect depends on the amount of deposition and
ecosystem resilience and resistance. Nitrogen
deposition is relatively low in cold deserts except
for hotspots downwind of metropolitan centers or
agricultural operations (Fenn and others 2003).
Nitrogen deposition may increase plant growth and
primary productivity when saturation levels have
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not been reached and water is not limited (Greaver
and others 2012). Grasses typically exhibit a greater
response to N addition than shrubs (Fenn and
others 2003), but individual species may respond
differently depending on factors such as co-limita-
tion of water and nutrients, plasticity, and tissue
nutrient requirements (Drenovsky and Richards
2004). Both perennial and invasive annual C;
grasses exhibit higher growth rates with increased
N availability at both seedling (James and others
2011) and adult life stages (Schwinning and others
2005). Higher growth rates, coupled with early
germination and establishment, give invasive an-
nual grasses a competitive advantage over native
grass seedlings in both low and high nitrogen
environments (James and others 2011), but may
have little effect on competition with mature native
herbaceous species especially grasses (Blank and
Morgan 2012). Thus, low levels of N deposition
may increase the ability of native grasses to com-
pete with annual bromes in ecosystems with rela-
tively high resilience and resistance, but will likely
give annuals a competitive advantage in systems
with depleted herbaceous species or low resistance.
Nitrogen deposition generally stimulates above-
ground growth more than belowground and may
increase susceptibility to fire due to higher fuel
loads and fire severity, and to droughts due to
lower root-shoot ratios and reduced water uptake
relative to the amount of foliage (Greaver and
others 2012).

Interactions among disturbances and stressors
may have cumulative effects. Climate change al-
ready may be shifting fire regimes outside of the
historical range of wvariability (that is, longer
wildfire seasons with more frequent and longer
duration wildfires) (Westerling and others 2006).
Cold deserts generally have low productivity, and
the number of hectares burned often is associated
with higher fuels when warm, wet conditions in
winter and spring lead to larger burned areas a
year or more in the future (Littell and others
2009). Annual grass fire cycles may be promoted
by warm, wet winters and a subsequent increase
in establishment and growth of invasive winter
annuals. These cycles may be exacerbated by ris-
ing CO,, N deposition, and increases in human
activities that result in soil surface disturbance and
invasion corridors. Areas predicted to receive less
effective precipitation due to climate warming
may have lower climate suitability for cheatgrass.
Reduced water availability may limit positive ef-
fects of rising CO,, and N deposition on cheatgrass
growth and on vegetation productivity and fuels
in general.

How Do RESILIENCE AND RESISTANCE TO
InvasioN INTERACT TO DETERMINE THE
ErrFECTS OF STRESS AND DISTURBANCE?

Resilience to disturbance and resistance to invasive
species interact to determine ecosystem effects
across environmental gradients. In cold desert
shrublands, areas of overlap between low ecosys-
tem resilience and resistance to cheatgrass are clo-
sely related to observed patterns of cheatgrass
invasion and dominance (Figure 3). Salt desert
ecosystems have low resilience (Haubensak and
others 2009) and low to moderate resistance to
cheatgrass depending on effective precipitation.
Recent expansion of cheatgrass into marginal salt
desert environments has been attributed to favor-
able establishment years (Meyer and others 2001),
rising CO; levels (Smith and others 1987), and high
genetic variability (Ramakrishnan and others
2006). Cheatgrass invasion has increased fine fuels
and wildfires are burning in these systems for the
first time in recorded history (Haubensak and
others 2009).

Wyoming big sagebrush ecosystems also have
relatively low resilience and are the least resistant
to cheatgrass invasion and dominance of the cold
desert ecosystems. These ecosystems have high
levels of anthropogenic disturbance due to mod-
erate climates and relatively flat topography. They
also have high climate suitability to cheatgrass
(Chambers and others 2007). Repeated fire and
threshold transitions to annual grass dominance
are highest in these ecosystems (Knapp 1996). An
unprecedented loss of topsoil and available nutri-
ents from wind erosion is occurring in these sys-
tems due to increases in fire size (Hasselquist and
others 2011; Sankey and others 2009) and the lack
of native herbaceous species to stabilize soils
(Hoover and others 2012).

Mountain big sagebrush and mountain big
sagebrush/shrub ecosystems have relatively high
inherent resilience (Seefeldt and others 2007), but
their resistance to cheatgrass is a function of soil
temperature (Chambers and others 2007). Conse-
quently, depletion of perennial herbaceous species
due to either inappropriate livestock grazing or
encroachment of pifion and juniper trees can pro-
mote cheatgrass following fire at the warmer but
not cooler end of the mountain big sagebrush
gradient (Chambers and others 2007).

These patterns of resilience and resistance can be
observed at landscape scales following fire and
management treatments in sagebrush ecosystems.
The effects of repeated fire, seeding, and herbicide
treatments were examined over an elevation
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gradient at the Arid Lands Ecology Reserve (ALE)
in south-central Washington (Davies and others
2012). Lower elevations were dominated by Wyo-
ming big sagebrush and cheatgrass prior to fire, and
invasive annual forbs after fire, seeding, or herbi-
cide treatments. Substantial changes in species
composition occurred over time with little sign of
recovery to initial conditions. Mid elevations were
associated with native perennial bunchgrasses,
invasive annual forbs, and a range of native forbs,
and exhibited only moderate change following re-
peated fire and seeding. Higher elevations were
associated with a resprouting shrub and native
perennial bunchgrasses, and after repeated fire
showed little change in species composition and
abundance and only slight decreases in cover.
Resilience increased along the elevation gradient
due to increasing abundance and cover of fire-tol-
erant native perennials; resistance to invasion in-
creased at higher elevations due to lower climate
suitability for cheatgrass and greater competition
from the native community.

How cAN WE USE THE CONCEPTS OF
RESILIENCE AND RESISTANCE IN A
MANAGEMENT CONTEXT?

Researchers and managers alike have emphasized
the need to implement management actions that
will increase resilience of native ecosystems to
stress and disturbance and/or enhance resistance to
invasion to prevent crossing thresholds to annual
grass dominance (Briske and others 2008; Holling
1996) and an associated increase in fire frequency
(Brooks and Chambers 2011). In cold deserts, a
suite of different vegetation management treat-
ments are used to reduce woody fuel loads and thus
fire severity and extent, decrease competitive sup-
pression of perennial herbaceous species by woody
species and cheatgrass, and revegetate degraded or
cheatgrass dominated areas with perennial herba-
ceous species and shrubs. These include various
combinations of prescribed fire, mechanical treat-
ment, and herbicide application to decrease sage-
brush, pifion, and juniper abundance, herbicide
application to control cheatgrass, and seeding of
perennial herbaceous species and shrubs to rees-
tablish perennial plant communities (Monson and
others 2004; Pyke 2011). Responses to these
treatments often vary largely due to inherent dif-
ferences in resilience and resistance to cheatgrass
and other invasive annuals (Miller and others
2013). An understanding of how these differences
influence effectiveness of management treatments

can be used to determine appropriate management
strategies at both site and landscape scales.

State and transition models are a central com-
ponent of ecological site descriptions that are
widely used by managers to illustrate changes in
plant communities and associated soil properties,
causes of change, and effects of management
interventions (Stringham and others 2003; Briske
and others 2005; USDA Natural Resources Con-
servation Service 2013). State and transition mod-
els that incorporate resilience and resistance
concepts can be used to better illustrate vegetation
dynamics and increase management effectiveness
(Briske and others 2008). Recent research in cold
desert shrublands allows us to construct a concep-
tual model that shows the alternative vegetation
states, transitions among states, and thresholds for
warm and dry (mesic/aridic soil temperature/pre-
cipitation regime) big sagebrush ecological types
with low resilience and resistance as compared to
cool and moist (frigid/xeric soil temperature/pre-
cipitation regime) mountain big sagebrush ecolog-
ical types with moderate to high resilience and
resistance (Figure 5; Chambers and others unpub-
lished; Davies and others 2012; Miller and others
2013). In cold desert shrublands, resilience to dis-
turbance, and management treatments is strongly
influenced by soil temperature/precipitation re-
gimes, generally increases from warm and dry to
cool moist regimes, and levels off or declines with
cold moist (cryic/xeric soil temperature/precipita-
tion) regimes (Figure 3A). Resistance to cheatgrass
and other annual exotics also is influenced by soil
temperature/precipitation regimes and is generally
lowest in warm and dry regimes (Figure 3B). Dis-
turbances and management treatments that in-
crease resource availability decrease resistance to
cheatgrass and other invasive species (Leffler and
Ryel 2012). In cool and moist sites with moderate
to high resilience and resistance, various manage-
ment treatments like proper grazing, prescribed
fire, mechanical treatments, and herbicide appli-
cations can be used to maintain or increase eco-
logical conditions (Figure 5). However, widespread
invasion and increasing dominance of cheatgrass
and other annual invaders in warmer and drier
sites have altered vegetation dynamics resulting in
largely irreversible thresholds once the perennial
herbaceous species required to promote recovery
are depleted. As both resilience and resistance de-
crease on these sites, the degree of uncertainty in-
creases and management options become
increasingly limited. Climate warming may be
shifting vegetation dynamics of cooler and moister
mountain big sagebrush ecosystems toward those



370 J. C. Chambers and others

Perennial grass/forb
Sagebrush

No fire Fire
Time Insects, pathogens

Sagebrush
Perennial grass/forb

Reference State

’I 71 \\ Iy i
Invasive species ,/ J % N ’\P/lrophergralzmg
Overgrazin / ‘9 it \ v, Mechanica
Stres?sors 9 S0k Transitions AN *\_Herbicides
4 ’ N| AN
o Sagebrush Sagebrush
Q Perennial grass/forb Perennial grass/forb
% Annual invaders Annual invaders
S~
8 Overgrazing Proper grazing Overgrazing Proper grazing
g Stressors Mechanical ? Stressors Mechanical
oc Herbicides Herbicides
Ee] Sagebrush Sagebrush
% Annual invaders Annual invaders
O Perennial grass/forb Perennial grass/forb
g (at-risk phase) (at-risk phase)
2
= Invaded State Invaded State
()
o : g | A ng?
c Overgrazing Threshold § S Transitions' Fire Proper Grazing?
> Stressors Ofs ! 1 Time
3 \% 1
~ Sagebrush Annual invaders

Annual invaders Perennial grass/forb

Perennial grass/forb rare

Invaded grass/forb state
Sagebrush/annual state | ,

of &
&é
Fire ofs

Annual invaders
Perennial grass/forbrare

1 01 2L — ysnigebes Big urelunop 1SI0)\ pue [00D

Warm and Dry Wyoming Big Sagebrush -8 to 12”
aouejsisay pue aousljisay YbIH o} ajesspoyy

Fire
Cycle /' Annual state

Perennial grass/forb/shrub
Annual Invaders

Seeded state

Figure 5. Generalized conceptual model showing the states, transitions, and thresholds for relatively warm and dry Wyoming
big sagebrush ecosystems with low resilience and resistance to cheatgrass and cool and moist mountain big sagebrush ecosystems
with moderately high resilience and resistance. Reference state: vegetation dynamics are similar for both types. Perennial grass/
forb increases due to disturbances that decrease sagebrush and sagebrush increases with time after disturbance. Invaded state: an
invasive seed source, overgrazing, and/or stressors trigger a transition to an invaded state. Perennial grass/forb decreases and both
sagebrush and invaders increase with overgrazing and stressors resulting in an at risk phase in both types. Proper grazing,
herbicides, or mechanical treatments may restore perennial grass and decrease invaders in relatively cool and moist Wyoming big
sage and in mountain big sage types with adequate grass/forb, but return to the reference state is likely only for mountain big sage
types. Sagebrush/annual state: in the Wyoming big sagebrush type, overgrazing and stressors trigger a threshold to sagebrush/
annual dominance. Annual state: fire, disturbances, or management treatments that remove sagebrush result in annual dom-
inance. Perennial grass is rare and repeated fire causes further degradation. Seeded state: active restoration results in dominance
of perennial grass/forb/shrub. Treatment effectiveness and return to the annual state is related to site conditions, post-treatment
weather, and seeding mixture. Invaded grass/forb state: in the mountain big sagebrush type, fire results in a transition to annual
invaders and perennial grass/forb. Proper grazing and time may result in return to the invaded state given adequate perennial
grass/forb. Increases in climate suitability for cheatgrass and other annual invaders may shift vegetation dynamics of cooler and
moister mountain big sagebrush ecosystems toward those of warmer and drier Wyoming big sagebrush ecosystems.
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Table 2. Management Strategies Based on an Understanding of Resilience to Disturbance that Can Be Used
to Determine Priority Management Areas at Landscape Scales and Appropriate Management Activities at Site
Scales

Protection: maintain or increase resilience and resistance of ecosystems of high conservation value

Focus

e Ecosystem types with low to moderate resilience to fire and resistance to invasive species that are still intact: salt desert
shrub and Wyoming big sagebrush

e Ecosystems that provide habitat for threatened and endangered (T&E) species and can serve as refugia in a warming
environment: all ecosystem types

Objective

e Eliminate or minimize current and future stressors

Activities

e Close or actively control wild horse and cattle grazing to prevent loss of perennial native grasses and forbs and allow
natural regeneration

e Suppress fire in lower elevation salt desert shrub, sagebrush and wooded shrublands to prevent an invasive annual grass—
fire cycle

e Control development of road and utility corridors, urban expansion, and solar energy projects to minimize surface
disturbance, invasion corridors, and fragmentation

e Increase efforts to detect and eradicate invasive species

Prevention: maintain or increase resilience and resistance of areas with declining ecological conditions

Focus

e Ecosystems with moderate to high resilience and resistance: relatively cool and moist big sagebrush and mountain brush
ecosystem types
o Ecosystems that exhibit declining conditions due to cheatgrass invasion and/or pifion and juniper expansion

Objectives

e Reduce fuel loads and decrease the risk of large and/or high severity fire

e Increase abundance of perennial native herbaceous species

e Decrease the longer-term risk of cheatgrass dominance

Activities

e Use mechanical treatments such as mowing or herbicides to reduce shrub dominance and promote a functionally diverse
community of shrubs, perennial grasses, and forbs

e Use mechanical treatments like cut and leave or mastication to remove trees, decrease woody fuels, and release native
grasses and forbs in big sagebrush ecosystems with relatively low resistance to cheatgrass that are exhibiting pifion and/
or juniper expansion

e Use prescribed fire or mechanical treatments to remove trees, decrease woody fuels, and release native grasses and forbs
in cool and moist big sagebrush ecosystems with relatively high resistance to cheatgrass that are exhibiting pifion and/or
juniper expansion

e Actively manage post-treatment areas to prevent overgrazing and secondary weeds

Restoration: increase resilience and resistance of disturbed, degraded, or invaded areas

Focus

e Wildfire areas: all ecosystem types
o Ecosystems with low resilience and resistance due to depleted perennial grasses and forbs, high severity fire, and/or

high climate suitability to invasive annuals

e Critical habitat for T&E species: all ecosystem types

e Areas disturbed by recreational activities, road and utility corridors, urban expansion, solar energy projects, and other
types of surface disturbances — all ecosystem types

e Assisted migration for species displaced by climate change - all ecosystem types

e Transformative restoration of areas with novel climates where species are established that are climatically suitable but
that have not occurred historically - all ecosystem types

Objectives

e Increase soil stability and curtail dust

e Control/suppress cheatgrass and other invasive plants

e Establish a functionally diverse native plant community

Activities

e Use integrated strategies to control/suppress cheatgrass and other annual invaders

e Seed perennial herbaceous and shrub species adapted to local conditions

e Actively manage post-treatment areas to prevent overgrazing and secondary weed invasion
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Table 2. continued

Monitoring and adaptive management: implement comprehensive monitoring to track landscape change and man-
agement outcomes and provide the basis for adaptive management

Focus

e Regional environmental gradients to track changes in plant community and other ecosystem attributes and expansion or

contraction of species ranges: all ecosystem types
e Pre- and post-treatment areas: all ecosystem types
Objectives

e Understand effects of climate change and other global stressors in cold desert shrublands
e Increase understanding of the effects of management treatments

Activities

e Establish a regional network of monitoring sites that includes major environmental gradients
o Collect data on effects of disturbances like fire and overgrazing (for example, soil erosion, dominant native, and
invasive species) and stresses like climate change (for example, phenology, species occurrence) and N deposition (for

example, soil N levels)

o Include multiple scales, like the landscape, ecological site, and patch, to help explain differential effects of landscape

heterogeneity, disturbance history, and land use

e Collect pre- and post-treatment monitoring data for all major land treatments activities
e Use a common data base for all monitoring results (for example, Land Treatment Digital Library; http://greatbasin.wr.

usgs.gov/Itdl/)

e Develop monitoring products that track change and provide management implications
e Use a cross-boundary approach that involves all major land owners

of warmer and drier Wyoming big sagebrush eco-
systems.

Management options in cold desert shrublands
are structured both by the presence and extent of
ecosystem types with low resilience and resistance
and the fact that many of these ecosystems have
crossed abiotic and/or biotic thresholds (Miller and
others 2011). An understanding of resilience to
disturbance and resistance to invasion and the
management options for these ecosystems can be
used to develop a strategic, landscape-scale man-
agement approach. We suggest four basic strate-
gies—protection, prevention, restoration, and
monitoring and adaptive management—that can
be used to determine priority management areas
and appropriate management actions (Table 2).

Protection focuses on maintaining or increasing
the resilience and resistance of ecosystems with
high conservation value by eliminating or mini-
mizing current and future stressors (Brooks and
Chambers 2011). Protection is a viable strategy for
intact communities within ecosystem types that
have inherently low resilience and resistance-like
salt desert and warmer Wyoming big sagebrush
ecosystems. These ecosystems are least responsive
to vegetation manipulations and seeding treat-
ments and often are at risk of crossing irreversible
thresholds. Protection also is used to manage criti-
cal habitat for threatened and endangered species
and areas designated as climate change refugia
regardless of ecosystem type.

Prevention involves increasing both resilience and
resistance of ecosystems that have not crossed
thresholds, but that exhibit declining conditions
and are at risk of high severity fire and invasion
(Miller and others 2013). The focus is on ecosys-
tems with higher resource availability and resil-
ience, such as cooler and moister big sagebrush
ecosystems. Management objectives are to improve
or maintain ecosystem attributes and processes by
reducing woody species dominance and promoting
a functionally diverse community of shrubs,
perennial grasses, and forbs. This may require
mechanical and/or fire treatments, changes in
grazing management, and reduction of seed sour-
ces from exotic species.

Restoration involves increasing resilience and
resistance of disturbed, degraded or invaded areas
by reestablishing a diverse, functional plant com-
munity. Restoration treatments are most likely to
succeed in areas with higher resource availability
and low levels of invasion, but integrated man-
agement strategies can be used to restore priority
areas dominated by cheatgrass and other annual
invaders (Monaco and Sheley 2012). Management
activities may include using herbicides to control/
suppress cheatgrass and seeding perennial herba-
ceous and shrub species adapted to local conditions.
Future restoration efforts will need to include as-
sisted migration for species displaced by climate
change. Transformative restoration in which spe-
cies are established that are climatically suitable but
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that have not occurred on a given landscape his-
torically may be required in areas with novel cli-
mates (Bradley and others 2010).

Monitoring and adaptive management is a critical
component that is used to track landscape change
and adjust future management. Strategically plac-
ing monitoring sites along environmental gradients
and repeated measurements of key variables can be
used to estimate the effects of disturbances like
frequent fire and overgrazing and of stresses like
climate change and N deposition. Evaluating the
effectiveness of management actions coupled with
strategic monitoring can be used to refine our
understanding of resilience and resistance to inva-
sion and construct more accurate STMs that ad-
dress the appropriate scales. Cross-boundary
approaches that include all major landowners, use
common databases, and provide the necessary
synthesis and management implications can be
used to adapt management to the changes occur-
ring in these ecosystems.
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